Pulmonary arterial hypertension is a progressive disease with poor outcomes in children. Right ventricular (RV) function is the most important determinant of the prognosis. Novel application of Potts shunt between left pulmonary artery and descending aorta has been introduced in an attempt to improve the survival. However, the effect of Potts shunt creation on RV function, RV-PA coupling, and survival has not been studied.
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Aggarwal et al; RV Function Improves After Potts Shunt P ediatric pulmonary arterial hypertension (PAH) is a progressive disease with a poor prognosis. 1 Right ventricular (RV) function is the most important determinant of the prognosis in patients with PAH. [2] [3] [4] Current treatment strategies to preserve RV function attempts to reduce the pulmonary vascular resistance and load. However, neither a persistent reversal of pulmonary vascular changes nor a lasting reduction of the pulmonary artery pressure (PAP) can be accomplished in the majority of PAH patients by currently available vasodilator therapies. A treatment strategy that may preserve or improve RV function in the face of elevated RV afterload may improve the survival of PAH pediatric patients. Epidemiological observations have shown superior survival of patients with Eisenmenger syndrome compared with those with idiopathic PAH because of decreased RV afterload from right to left shunting. 5 In an attempt to convert PAH with suprasystemic pulmonary arterial pressure into Patent Ductus Arteriosus-Eisenmenger physiology, Blanc et al 6 developed a novel application of the Potts shunt created with a side-to-side anastomosis from the left pulmonary artery to descending aorta in pediatric patients. Initial reports have shown this procedure to be safe. [7] [8] [9] However, the effect of Potts shunt creation on RV function, RV-pulmonary artery coupling (RV-PA), and survival have not been well studied.
Noninvasive quantitative evaluation of RV function using ejection fraction by magnetic resonance imaging or by conventional echocardiographic measures does not provide sensitive prognostic information. An evaluation by a composite measure integrating RV contractile function, afterload, and ventricular-vascular coupling that is a summation for RV work, is likely more informative in discerning RV functional phenotype and prognosis. 10 In a study of adult patients with pulmonary hypertension (PH) and heart failure, Guazzi et al 11 found that the RV work assessed by the relationship of tricuspid annular plane systolic excursion (TAPSE) to pulmonary artery systolic pressure (PASP), taken as an index of in vivo RV length change (TAPSE) versus developed force (PASP), provides a noninvasive assessment of RV work and contractile state.
In an initial study on this novel palliation for PAH, we evaluated the composite measures of RV work in pediatric patients with suprasystemic PAH who underwent surgical Potts shunt creation to discern (1) impact of Potts shunt on RV function, RV-PA coupling, and clinical outcome and (2) which of the echocardiographic and hemodynamic markers stratified by the effect of Potts shunt on the RV-PA coupling may be predictive of outcomes.
METHODS
The data, analytic methods, and study materials of this study will be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Design

Patient Characteristics
In a retrospective study with prospective analysis, we evaluated the first 12 consecutive pediatric patients who underwent elective Potts shunt procedure for PAH at St Louis Children's Hospital between 2013 and 2017. Criteria for the Potts shunt surgery included evidence of suprasystemic PAH as we have previously described, 7 requirement of maximal pulmonary vasodilator therapy, and deteriorating functional status. Demographics, details of medical therapy including supportive (diuretics, oral anticoagulation, and oxygen) and specific (endothelin receptor antagonists, phosphodiesterase type-5 inhibitors, and intravenous prostanoids) PAH therapies, World Health Organization (WHO) functional class and clinical course before Potts shunt placement, at discharge, and at latest follow-up after the procedure were obtained by chart review. Follow-up period was considered as up to the time of data collection or the date of lung transplant or death in those who had these events. Impact of Potts shunt was evaluated by discerning the changes in WHO functional status, upper and lower extremity saturation differential, need for pulmonary vasodilators, and by changes in serial echocardiographic monitored parameters of RV function, pulmonary physiology, and RV-PA coupling. Washington University Institutional Review Board approved the study and that no informed consent was required.
Echocardiographic Study
Two-dimensional echocardiography with Doppler Imaging (Philips iE33, Philips Medical Systems, Andover, MA; or Vivid 9, GE Healthcare, General Electric Corp, Waukesha, WI) was obtained per the American Society of Echocardiography guidelines 12, 13 before and after the Potts shunt procedure and at discharge with subsequent analysis. Two investigators (Drs
CLINICAL PERSPECTIVE
Pulmonary arterial hypertension is a progressive disease with poor prognosis in children. Right ventricular function is the most important determinant of the prognosis. Current treatment strategies do not provide a lasting reduction of the pulmonary artery pressure to preserve right ventricular function. Our study suggests that novel application of Potts shunt between left pulmonary artery and descending aorta improves right ventricular systolic function and coupling with pulmonary artery resulting in significantly improved functional status and mid-term transplant-free survival in the majority of the recipients with suprasystemic pulmonary hypertension. Further studies will allow to assess the long-term favorable effect of Potts shunt on the right ventricular function and survival in children.
Aggarwal and Singh) measured each of the following echocardiographic parameters to evaluate RV function, pulmonary physiology, and RV-PA coupling. The average value of the parameter from 3 consecutive cardiac cycles was used for analysis.
Pulmonary Artery Systolic Pressure
It was obtained from maximal tricuspid regurgitant jet velocity using the modified Bernoulli equation to calculate the pressure gradient without correction for right atrial pressure ( Figure 1A ).
Tricuspid Annular Plane Systolic Excursion
TAPSE is a simple measure of RV longitudinal systolic function with high predictive value for the outcome in adult PAH population.
14 TAPSE was measured in 2-dimensional apical 4-chamber view as depicted in Figure 1B .
Systolic to Diastolic Time Ratio
Systolic to diastolic time ratio (S/D) is a Doppler-derived ratio of systolic duration to diastolic duration. It was performed by dividing the duration of the tricuspid regurgitation (TR) spectral Doppler envelope by the time interval of the cardiac cycle that did not include TR ( Figure 1A ). It has been shown to correlate with severity of PH and outcomes. 15 
Pulmonary Artery Acceleration Time and RV Ejection Time
Pulmonary artery acceleration time (PAAT) assesses the blood flow velocity characteristics in the RV outflow tract in response to changes in RV mechanical performance and pulmonary vascular load and is a comprehensive quantitative index of PAP, vascular resistance, and compliance. 16 PAAT was obtained by the method described by us previously 16 and depicted in Figure 1C . As previously shown by us, to account for the potential impact of heart rate variability, PAAT was adjusted for RV ejection time (RVET; Figure 1C ) with a ratio of PAAT:RVET that well compensate for R-R variability. 16 PAAT values share a robust inverse correlation with pulmonary hemodynamics and shorten with increasing pulmonary vascular resistance , PAP, and decreasing compliance, and thus, it provides a reliable estimate of invasive systolic PAP, vascular resistance, and compliance in children (the key elements of the Windkessel model).
16
RV Work
RV work is more representative of both static and dynamic afterload than pulmonary vascular resistance , which represents the static component of RV afterload while pulmonary artery compliance accounts for the pulsatile component. 17 RV work calculation is based on the work-energy principle that mathematically states a transfer of energy (coupling) between 2 related structures is equal to the work expended by force through displacement (work=displacement×force). 18 RV length change to developed force provides a noninvasive assessment of RV contractile state and work. 11, 19 In the relationship of the work expended by force through displacement, systolic PAP can be exchanged for force because the pressure is the force applied per unit area (Poiseuille law). We substituted PASP with PAAT, which has inverse linear relation with PASP and mean PAPs. 16 TAPSE, as a measure of RV deformational change, can be substituted for displacement. Taken together, in a data analysis of simultaneous catheter-Doppler study, we have noted that the TAPSE/PAAT linearly decreased (P<0.001) with increasing PH in children. 20 These findings supported the use of TAPSE/PAAT an index of RV work in the setting of RV-PA coupling.
RV-PA Coupling
Because the major determinant of the impairment of the RV systolic function is afterload mismatch, characterization of RV function may best be framed in relation to prevailing RV load, the RV-PA coupling. 21 The echo measured TAPSE/PASP ratio has been shown to be a noninvasive index of RV-PA coupling. 11 However, we evaluated RV-pulmonary circulation coupling with a caveat. The designation of coupling between the RV and the pulmonary circulation only strictly holds true in the preshunt physiology. After shunt placement, the RV no longer faces the entire afterload from the pulmonary circulation because of pop off to the descending aorta created by the shunt changing the physiology to a parallel circulation with the new communication between the pulmonary and systemic circulation. Postshunt, the RV coupling exists only with the pulmonary artery proximal to the shunt and not the entire pulmonary vasculature. We, therefore, used a general term RV-PA coupling with further designation of preshunt and postshunt according to timing of its evaluation. Accordingly, we evaluated RV-PA coupling to discern the pulmonary physiological derangements 22 by measuring longitudinal changes in TAPSE/PASP ratio before and after shunt placement as preshunt and postshunt coupling.
RV Systolic Time Intervals
We evaluated RV systolic time intervals, RV preejection time (RV-PET) and RVET, because, like LV systolic interval time, they depend on the balance between intrinsic myocardial contractility, ventricular preload and afterload. 23 We examined the ratio of RV-PET/RVET as a measure of the RV functional capacity to meet the afterload requirements as RV-PET inversely relates to RV systolic function and directly relates to RV afterload. 24 A larger ratio indicates a longer portion of the cycle where the RV is in isovolumetric contraction rather than in ejection due to RV contractility-pulmonary load mismatch. The systolic time intervals were measured as depicted in Figure 1D .
Fractional Area of Change of RV
RV end-systolic area and RV end-diastolic area were measured in the RV-focused apical 4-chamber view by endocardial area delineation for 3 consecutive cardiac cycle, and the mean of 
Statistical Analysis
All data are expressed as median with first through third quartile range. The presurgical and postsurgical echocardiographic values were compared using a Wilcoxon signed-rank test. Student t tests were separately used to compare the patterns of echocardiographic variables between lung transplant-free survivors and nonsurvivors. Reproducibility analysis was performed using Bland-Altman plot analysis (percentage bias and 95% limits of agreement) and coefficient of variation. A P<0.05 was considered significant. The statistical analysis was performed using SPSS version 24.0 (SPSS, Inc, Chicago, IL).
RESULTS
Study Cohort Clinical Characteristics and Clinical Course
Twelve subjects underwent a surgical Potts shunt at St Louis Children's Hospital during the study period. Of the 12 patients, 1 patient was eliminated as the echocardiographic information was obtained only while on extracorporeal membrane oxygenation, and the patient died before postoperative echocardiogram could be obtained. For the remaining 11 subjects (male 9), median age was 11.2 years (range 0.3-17.6 years) and median weight was 32.8 kg (range 5.0-72.0) at the time of Potts shunt placement. Ten patients had a diagnosis of idiopathic PAH (WHO Classification Type I), and 1 had history of mitral valve stenosis and coarctation requiring surgical repair before developing predominant PAH. Surgical procedure for Potts shunt included a primary anastomosis between the left pulmonary artery and the descending aorta in 7 subjects and a polytetrafluoroethylene graft (size 8-10 mm) in 4 subjects. The surgical technique has been described in detail previously 7 but in brief, involved a left thoracotomy with direct side to side anastomosis when feasible and using an interposition graft when not feasible because of concern for distortion of vascular connection with manipulation. Postprocedure intubation was a median of 1.5 days (range 0-9 days). Postprocedure median hospital length of stay was 11 days (range 6-26 days).
Clinical Outcomes
At most recent follow-up, 8 subjects were living, 1 required a bilateral lung transplant, and 2 died. Median follow-up for the subjects was 27.0 months (range, 2.9-50.6 months). Of the 2 that died, 1 died at 8.6 months because of adenoviral pneumonia and the other died at 2.9 months because of RV failure. The patient who required bilateral lung transplant, had an initial improvement in functional status after Potts shunt, but later had increasing dyspnea, decreasing saturations, and signs of ventricular failure leading to transplant by 4 months postprocedure. Before placement of the Potts shunt, WHO functional class for PH was 4 in 5 patients, 3 in 6 patients, and 2 in 1 patient. After the shunt placement, for those with transplant-free survival (TFS), WHO functional class was 2 in 6 subjects, 3 in 1 subject, and 4 in 1 subject showing significant improvement after shunt (P=0.014). Upper and lower extremity saturation differential was 13% (range 2%-22%) postshunt. Before the shunt placement, 9 of 11 (81%) patients required intravenous pulmonary vasodilators for PAH treatment. After shunt placement, only 3 of 8 (38%) surviving patients were on intravenous pulmonary vasodilator at the most recent follow-up. Table 1 and Figure 2 show the preshunt and postshunt changes in values of echocardiographic parameters. Preshunt recent right heart catheterization measured PA systolic and mean pressure in 5 patients from our institution are included in Table 1 . Other 6 patients referred from outside institutions had catheterizations performed to establish the diagnosis of PAH several months before the transfer to our institution and, therefore, were not obtained within 3 months of the echocardiographic study and were not included in Table 1. No postshunt catheterization was done because of treating physician preference. By multiple measures, RV systolic function improved: compared with preshunt, the postshunt TAPSE significantly increased (P<0.05), fractional area of change improved by 84.0% (P<0.01) and S/D ratio increased by 12% (P=0.06) for the whole group. The patient, who required bilateral lung transplant after Potts shunt placement, had an initial improvement in RV function with increase in TAPSE by 11% and in fractional area of change by 4% compared with the preshunt values. These indices were noted to be decreased at pretransplant evaluation. In the 11 subjects, compared with preshunt, the postshunt measure of RV afterload showed a significant decrease as evidenced by a median increase of 41% in PAAT after Potts shunt (P<0.01), which denotes reciprocal decrease in pulmonary vascular resistance and increase in PA compliance. Normalizing the PAAT to the RVET likewise showed improvement after Potts shunt (P=0.01) reflecting the decreased afterload. There was no significant change in PASP (P=0.48).
RV Function and Afterload
RV Work and RV-PA Coupling
The designation of coupling between the RV and the pulmonary circulation only strictly holds true in the preshunt physiology. After shunt placement, the RV no longer faces the entire afterload from the pulmonary circulation because the physiology changes to a parallel circulation with the new communication between the pulmonary and systemic circulation. Postshunt, the RV coupling exists only with the pulmonary artery proximal to the shunt and not the entire pulmonary vasculature. The change in RV mechanical work before and after the Potts shunt for each individual is shown in Figure 2 and median values in Table 2 . Compared with preshunt, the postshunt mechanical work performed by RV significantly decreased as revealed by 26% decrease in TAPSE/PAAT ratio after Potts shunt (P=0.02) because of decreased afterload denoted by increase in PAAT provided by pop off of the shunt. The change in RV-PA coupling denoted by the ratio TAPSE/PASP, RV- PET, and relationship between RV-PET and RVET before and after the Potts shunt is depicted in Table 2 and by the Figures 3 and 4 . Postshunt, TAPSE was higher for similar systolic load and showed ability of upward shift in the relationship for the TFS group, suggesting better RV adaptation to the imposed load ( Figure 3 ). There was a decrease in the preshunt and postshunt RV-PET and RV-PET/RVET ratio for the TFS group (P<0.01), indicating a shorter portion of the cycle where the RV was in isovolumetric contraction and longer in ejection because of decreased RV contractility-pulmonary load mismatch ( Figure 4) . Thus, post-Potts shunt, there was an improvement in RV work and RV-PA coupling. Table 2 compares different end points as determined by TFS (n=8) and death or lung transplant (n=3) at most recent follow-up after Potts shunts. There were no significant differences in PAAT, PASP, TAPSE, or TAPSE/ PAAT between the 2 groups either before or after Potts shunt. Post-Potts shunt RV-PET and S/D ratio were decreased (P<0.05 in both) in the TFS group compared with the death or lung transplant group.
Comparisons of Outcomes
Reproducibility
The correlation coefficient for the measurements of TAPSE and PAAT between the 2 observers (interobservers variability) were 0.92 and 0.97, respectively; bias (%) 4 and 5, respectively; and limit of agreements −0.9 to 0.9 and −1.6 to 1.6, respectively.
DISCUSSION
This proof of concept study on the effects of Potts shunt on pulmonary pathophysiology in pediatric patients with suprasystemic PH shows that Potts shunts: (1) enables augmentation of the RV systolic function and RV-PA coupling, (2) improves the WHO functional class, and (3) increases the probability of a mid-term TFS in the majority of the recipients of the shunt. The natural history of PAH reveals that, without treatment, the mean survival of children with PAH is <1 year after diagnosis. 25 Even with the advent of PH-specific medications, reported 5-year survival ranges from 57% to 75% only, depending on the cause of the PH. 1 For children who have progressed to end-stage PH, lung transplantation has been the only option that has a median survival of ≈6 years, faring far less compared with other solid organ transplants, such as heart and kidney. 26 In contrast to patients with PAH with survival of <1 year without treatment, patients with Eisenmenger syndrome have a median survival of 53 years in concert with long-term preserved ventricular function. 27 The postulate for converting physiological features in PAH patients to features typical of Patent Ductus Arteriosus-Eisenmenger syndrome by means of Potts shunt has been that the procedure would enable an immediate decrease in the RV afterload by being shared with LV and the absence of cyanosis of the upper part of the body. 8, 11 The longer-term expectation has been that by creating similar hemodynamics, children with a Potts shunt would share the more favorable survival benefits from long-term preserved RV systolic function seen among Eisenmenger patients. A French-team led initiative in palliative treatment with Potts shunt and our initial experience of such treatment in children with severe PH have been encouraging with majority of all operative survivors having significant improvement in WHO functional class and a reduction of their intravenous PH medications.
7-9 However, it is not known whether Potts shunt favorably affects the RV function and RV-PA coupling that are pivotal to long-term survival. To our knowledge, our single-center study is the first to show that the Potts shunt favorably affects the RV mechanics and RV-PA coupling. The post-Potts shunt results showed significant improvement in multiple measures of RV function, including increases in TAPSE, fractional area of change, and S/D ratio in transplantfree survivors following shunt placement. An increase in RV function indicated an increase in cardiac output evident in improvement in functional class after Potts shunt. 14 The increase in RV systolic function was accompanied by decrease in afterload manifested by a significant increase in PAAT after Potts shunt. An increase in PAAT, which reflects both resistance of the pulmonary vasculature and pulsatile load, 28, 29 was indicative of a decrease in RV afterload after Potts shunt. With increased RV systolic function, the magnitude of the decreased afterload led to an overall reduction of RV workload after Potts shunt. The phenotype of stroke work represented by the ratio of TAPSE to PAAT, a proxy for TAPSE/PASP ratio, showed improvement in work-performance after the Potts shunt. Because the evolution of RV pathology from the normal to a compensated (hypertrophied) and then decompensated state parallels the evolution of pulmonary vascular pathology from a vasodilated-high compliance state to an end-stage proliferative and obliterative vascular remodeling, RV-PA coupling provides insight of both as a unit. After placement of a Potts shunt, the over-worked RV has the option of a parallel runoff preventing the development of suprasystemic pressures. This was reflected in the change of TAPSE/PASP ratio, a noninvasive index of RV-PA coupling, 11 which showed an upward shift suggesting better RV function with the decreased load. RV-PA coupling as measured by the ratio of RV-PET/ RVET also showed significant decrease in proportion of the RV cardiac cycle in isovolumetric contraction and more in ejection phase because of less RV contractilitypulmonary load mismatch postshunt.
Improved Functional Status
In our cohort, 7 of the 8 transplant-free survivors had improvement in WHO functional class that persisted without evidence of deterioration on follow-up. After shunt placement, only 3 of the 8 surviving patients were on intravenous pulmonary vasodilator at most recent follow-up. Results from our cohort mirrors those presented by Baruteau et al 8 from the multicenter European group where patients (n=24) who underwent a Potts shunt had similar favorable outcome. Similar to our cohort, a small number of their patients had early deaths (n=3, 12.5%) and required bilateral lung transplant (n=1, 4%). Gorbachevsky et al 9 reported similar institutional experience of improvement in functional class after Potts shunt placement in 6 of 8 patients with suprasystemic PAH. This improvement in functional class in our patient cohort was accompanied with postshunt improved RV-proximal PA coupling. This is in contrast to the observation from studies on the effect of pharmacological treatments for PAH that have shown only modest improvement in functional status. 30 Studies on the effect of pulmonary vasodilators on adults with PAH found improvement in functional status with their patients, 31 but the improvement in functional status came at the expense of increased stroke work. In our patients with Potts shunt, improvement in WHO functional status was in concert with decreased RV work requirement.
Mid-Term TFS
Increased isovolumic contraction time, measured here by RV-PET, has been previously shown to predict poor outcomes in PAH. 32 In our patient cohort, Post-Potts shunt RV-PET was significantly decreased (P<0.001) in the transplant-free survivors compared with those who had death or lung transplant. Additionally, no change in RV-PA coupling was noted in those (n=3) who had death or lung transplant after Potts shunt. Although our study did not identify preshunt predictors of favorable responders to Potts shunt, our data suggest that longer isovolumic contraction time and poor RV-PA coupling are important indicators for poor survival after Potts shunt.
Limitations
The present study had limitations, including the retrospective nature of evaluation, short follow-up time, and small patient numbers that may preclude generalization of the findings. However, this proof of concept study provides impetus for further and larger study. To that end, a multicenter registry of pediatric PAH patients undergoing Potts shunt for larger conclusions has been organized. The retrospective nature mandated the usage of echocardiographic rather than other data, such as from catheterization or magnetic resonance imaging. However, utilization of echocardiography for RV mechanics in PAH remains an important modality of assessment and overall correlates well with MRI data. 17 Quantitative assessment of RV systolic strain is a powerful predictor of the clinical outcome of patients with PAH 3 but lack of strain imaging in routine clinical pediatric practice precluded us from its utilization in this project.
Conclusions
This proof of concept study shows that Potts shunt allows persistent improvement in functional status in children with suprasystemic PAH and mid-term TFS by improvement in RV systolic function and RV-PA coupling in the majority of the recipients. The echocardiographic functional and coupling indices provide mechanistic insight in the changes in cardiopulmonary physiology associated with Potts shunt placement and predictive imaging markers of the therapeutic response. Further studies are necessary to allow the prediction of the timing and patient selection for the Pott shunt placement and to assess whether the favorable changes in RV mechanics and coupling persist in the long-term.
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